' .
e arr— .
e —t. ) %
M 5 R

WANL-PRCLLD-022
Septemter 30,1968

Westinghouse Astronuclear Laboratory (

SYNTHESIS OF CALCULATIONAL METHODS FOR THE
DESIGN AND ANALYSIS OF RADIATION SHIELDS
FOR NUCLEAR ROCKET SYSTEMS

Contract No. NAS-8-20414
Contract No. DCN-16-28-0029 (IF)

Volume 2

. ANALYSIS OF RADIATION MEASUREMENTS IN A NUCLEAR ROCKET
PROPELLANT TANK MOCKUP USING_S‘!MU/LATED LIQUID HYDROGEN

P Nwp-43199
(ACCESS?I\},N)UMBER) ‘§R7\

G SATTTE

:4: {NASA CR OR TMX OR AD NUMBER) (CATEGORY)

ORM 602




ey

U |

WANL-PRCLL>-022
September 30,1968

Westinghouse Astronuclear Laboratory -

SYNTHESIS OF CALCULATIONAL METHODS FOR THE
DESIGN AND ANALYSIS OF RADIATION SHIELDS
FOR NUCLEAR ROCKET SYSTEMS

Contract No. NAS-8-20414
Contract No. DCN-16-28-0029 CIF)

Volume 2

ANALYSIS OF RADIATION MEASUREMENTS IN A NUCLEAR ROCKET
PROPELLANT TANK MOCKUP USING SIMULATED LIQUID HYDROGEN

Prepared By:
L. D. Stephenson
R. G. Soltesz

R. K. Disney
INFORMATION CATEGORY

S. L. Zeigler .
/é;/ >

)
S Z2 Z[A;{gg
AUTHORIZED CLASSIFIER DATE




PRECEDING PAGE BLANK NOT FILMED
Astronuclear
=/ Laboratory

ACKNOWLEDGMENT

We appreciate the guidance provided by Mr. H. E. Stern, Deputy Manager, Nuclear
and Plasma Physics Division, George C. Marshall Space Flight Center, the Technical
Menitor of the contract. We also appreciate the efforts of Mr. L. Katz of MSFC in pro-
viding the modified propellant tank and associated stress analysis and for performing the
safety load test on the tank.

We acknowledge the permission of the Space Nuclear Propulsion Office to perform
these measurements i1 conjunction with NERVA experiments and to utilize certain detector
and electronic equipment. We appreciate the review and approval of this work by

M. Fleishman, SNPC/Cleveland.



PRECEDING PAGE BLANK NOT FILMEL
w Astronuclear
=/ Labo;atory

ABSTRACT

This report is Volume 2 of two volumes of the firal report on 'Synthesis of Calcula-
tional Methods for the Design and Analysis of Radiation Shields for Nuclear Rocket Systems."
This work was performed for the George C. Marshall Space Flight Center (MSFC) under
Contract NAS-8-20414, Modification 3.

This contract included the measurement and analysis of the radiation environment
on and in a modified 72-inch diameter Saturn 1-B LOX tank suspended above a nuclear
rocket critical assembly. Measurements were performed at the Westinghouse Astronuclear
Experimental Facility (WANEF) with the tank filled with two different densities of polyethy-
lene (0.59 and 0.14 gm/cc) to simulate, respectively, neutron and photon transport
properties in liquid hydrogen. A critical mockup of an NRX (NERVA Reactor Experiment)
nuclear reactor provided a source of neutron and gamma radiation with the desired spectral
characteristics. Two different shield mockups were interposed between the reactor and the
propellant tank.

Measurements of neutron fluxes, fast neutron dose rates, and gamma dose rates were
made in the propellant tank to provide data on neutron and photon transport properties.
Thermal neutron fluxes and neutron spectra on the surface of the tank in a ground test environ=-
ment were obtained for use in the evaluation of after-shutdown problems associated with
activation of the propellant tank structure and for evaluation of radiation analysis methods.
Some effects of test cell background were determined experimentally.

Comparisons of calculated and measured neutron and gamma radiation levels are
included in this report. The two-dimensional discrete ordinates transport code, DOT,
was employed to generate neutron fluxes throughout the reactor assembly; and the data
processing code, NAGS, generated source data from those neutron fluxes for use in the
point kernel and Monte Carlo analyses. Calculations in the propellant tank were performed
utilizing the KAP=V point kernel code and the FASTER Monte Carlo code, both of which
were previously provided to MSFC under this contract.

Volume 1 describes the experimental portion of the work, while Volume 2 presents

an analysis of these measurements. A classified appendix to Volume 2 presents detailed
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geometrical and material descriptions of the reactor and shield mockups and listings of the

computer code data employed in this analysis.
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SECTION 1. INTRODUCTION

This is Volume 2 of a two-volume report on the experimental program carried
out in conjunction with the NERVA parametric shield experiments in which a modified
Saturn 1B-LOX tank filled with simulated hydrogen was placed above the reactor and shield
mockup. Presented in this volume are: 1) Conclusions and recommendations; 2) Description
of analytical procedures and the results of analysis; and 3) Comparisons of the analytical

1M,

using the computer codes provided to Marshall Space Flight Center under Contract NAS-8-

results with the experimental data described in Volume The analysis was performed
20414, The previous work performed under this contract was reported in the nine-volume
document, WANL=-PR (LL*-010, "Synthesis of Calculational Methods for the Design and
Analysis of Radiation Shields for Nuclear Rocket Systems."

This experiment provided measurements of radiation quantities in a propellant
tank filled with two different densities of polyethylene to simulate neutron and photon trans-
port characieristics of liquid hydrogen. This experiment was conducted at the WANEF critical
facility laboratory above an NRX reactor which provided a radiation source which is almost
identical to a flight-type system.

The capability of the calculational methods previously provided to MSFC under
Contract NAS-8-20414 to analyze the tank experimental data is demonstrated in this report.
In the original contract, a series of comparisons of high-power NRX test data was used as
a standard of comparison to indicate the validity of the calculational methods provided to
MSFC.

It was evident that little or no experimental data were available for comparison
at the dome end of a shielded reactor or in o propellant tank. The PAX (Permanent Assembly
Experiment) criti :al assembly at WANEF ~mploying simulated shield configurations provided
basic experimental data which provided an excellent chance to evaluute the calculational

methods. A logical extension of this experimental configuration was the inclusion of a simulated

]Synfhesis and Evaluation of Calculational Methods for Design and Analysis of Radiation
Shields for Rocket Systems, Volume 1, Radiation Measurements in a Nuclear Rocket Propellant
Tank Mockup Using Simulated Liquid Hydrogen, WANL-PR(LL)-022, Vol. 1, September 1968,
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propellant tank above the st..eldec: configurations.

The evaluation presented here is limited to those computer codes in the MSFC
code package which are applicable to predicting radiation levels in a propellant tank. In
addition to providing a basis for evaluation of the current calculational methods supplied to
the Marshall Space Flight Center, the work reported herein provides some insight into the
application of these computer techniques to the analysis of an actual nuclear rocket reactor
experiment. Improvements in the calculational methods which were made since the original
contract are also described here.

Section 2 of this volume presents conclusions derived from comparisons of the
analytical data with the experimental data and gives recommendations for future anaiytical
method development.

Section 3 describes the application of the two-dimensional discrete ordinate
transport code, DOT(2); the NAGS(3)dah processing code; the KAP—V(4) point kernel code;
and the FASTER(S) Monte Carlo code fo the analysis of the experiments.

Section 4 gives a detailed description of the results obtained employing the
above computer codes.

Sections 5 and 6 compare the analytical results with the fast neutron and
gamma ray experimental data, respectively.

Section 7 describes the induced activity in the tank wall based upon a prediction
from the ACT |l (Revised)(é)code and an indication of the radiation levels one might expect
around a propellant tank following a full-power operation test.

2F. R. Mynatt, "A User's Manual for DOT-A Two Dimensional Discrete Ordinates Transport

Code with Anisotropic Scatiering, ' K=1694 (In preparation).

3Synthesis of Calculational Methods for theDesign and Analysis of Radiation Shields for
Nuclear Rocket Systems, WANL=PR(LL)-010 Volume 7, June 1967.

41BID, Volyme 4
SIBID, Volume 9

6L, O, Ricks, et al., "Materials Activation Program ACT-1l, Revised" WANL-TME-598,
November 1963.
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e Included in this volume, as a classified Appendix, are listings of the KAP-V
input data, the FASTER input data, and the POINT, DOT, and NAGS input data. These
listings are included so that the problems can be duplicated at the MSFC location.
The classified Appendix to this volume also contains the geometric and
material models used in the two-dimensional mockup for the DOT, NAGS, and POINT(7)
© codes and the KAP-V and FASTER codes.
.
a"g-'_ *

7Synthesis of Calculational Methods for the Design and Analysis of Radiation Shields for
Nuclear Rocket Systems, WANL=PR(LL)~010, Volume 2, June 1967.
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SECTION 2, CONCLUSIONS AND RECOMMENDATIONS
2.1 CONCLUSIONS

A series of comparisons of calculated and experimentally measured neutron and
gamma ray radiation levels have beeri made in a simulated propellant tank. These comparisons
were based on the use of the KAP-\’ point kernel and FASTER Monte Carlo codes with DOT-
NAGS neutron and gamma ray sow ces to calculate these levels. These comparisons include
threshold neutron fluxes of E> 2.9 Mev and E> 1.5 Mev; neutren dose rate, and gamma
ray dose rate. Agreement is generally good and the following summarizes the comparisons:

1) The FASTER code underpredicts the threshold neutron flux measurements
with E> 2.9 Mev and E> 1.5 Mev, FASTER values being a factor of 1.3 to 2.0 lower than
measurements at all locations within the tank. This underpredistion was noted in the previous
scope of work when comparisons with NRX measurements were made. This is attributed
to the use of transport corrected cross sections for all elements except hydrogen. The closer
agreement of FASTER and experimertal values for E >2.9 Mev at 50 cm into the tank where a
considerable amount of hydrogen has been traversed validates this conclusion since hydrogen
scattering is treated by a more exact model in FASTER.

2) The KAP-V code using carbon moments data for neutron spectra tends to -
overpredict the threshold fluxes (E> 2.9 Mev and E> 1.5 Mev) of all locations within the
tank. This trend occurs since the KAP-V moments data calculation uses an equivalent carbon
penetration for all materials (including hydrogen) in computing spectra. The use of a more
sophisticated moments data kernel in KAP-V which emgloys either a hydrogen or carbon
kernel depending upon penetration would improve these results.

3) The KAP-V results on the tank hemisphere and in the traversing tubes are
in general agreement as to shape except in the areas close to the tank surface. This disagree-
ment is due in part to the use of infinite media approximation in KAP=V,

4) The FASTER results at the off centerline points and on the centerline of
the tank for threshold fluxes tend to predict the correct shape but the values are low as

described in 1 above.
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5) The KAP-V Albert-Welton and FASTER results for fast neutron dose rate
are in excellent agreement on the centerline and at the radial traverses in the tank. This
FASTER value agreement is due in part to the fact that the threshold fluxes are under-
predicted by FASTER but neutron flux of EX 1.5 Mev is overpredicted. At 30 - 50 centi-
meters into the tank the FASTER values for threshold fluxes are in closer agreement with the
experiment and this portion of the spectrum is predominant in dose at this depth penetration
into hydrugen.

KAP-V Albert Welton data is in good agreement since the hydrogen penetration
is properly handled by the Albert Welton method.

6) The KAP=V carbon moments data values of fast neutron dose rate on the
axial centerline of the tank overpredicts since the carbon data does not adequately represent
hydrogen scattering of neutrons. This trend was obtained in the previous scope of work and
could be improved by use of a better moments method kernel in KAP-V,

7) The KAP-V and FASTER gamma ray dose rate results are in general
agreement with the experimental values. Configuration 4B results for CaFy TLD experimental
values and FASTER and KAP-V results are in general agreement as to shape. FASTER and
KAP-V tend to underpredict by approximately 10 to 30 percent, which is, in part, due to
not including hydrogen captures in the polyethylene in the calculations. Similar comparisons
of the C02 active dosimetry results and FASTER and KAP-V indicate similar trends with the
experimental values having larger uncertainties. On the axial centerline, the KAP-V results
and CO2 dosimeter values are in excellent agreement as to shape.

8) The KAP-V and FASTER gamma ray results for Configuration 7D are in
agreement as to magnitude with the experimental values at the two traversing tube locations.
The KAP-V results tend to be higher than FASTER, and this is due, in part, to the large
number ot FASTER source regions and the poor convergence of these results in the FASTER

problems.
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2,2 RECOMMENDATIONS

Application of the various computer codes, as reported in Reference 1, to a
detailed experiment, results in an accurate definition of additions or improvements which
may be made to these techniques. These changes are reflected, not only in the analysis
reported here, but also in the continuing application of NERV A-developed computer
techniques to the actual design calculations for the NERVA nuclear rocket engine and
the total nuclear system, including propellant tanks and payloads. Only during the actual
application of these computer techniques do the shortcomings of previously~developed
techniques appear. Based upon the application of the POINT, DOT, NAGS, KAP-V,
and FASTER progroms to the MSFC tank experiment presented in this report, a number of
recommended additions and improvements to the MSFC code and data package were noted.
These items are listed below:

1) Extend capabilities in the area of discrete ordinate transport techniques
by substituting the WANL version of the Oak Ridge National Laboratory code, DOT, in
place of the ODD-K(s) code in the MSFC code package. The DOT program, in its present
status at WANL, provides for the automated analyses of a complete nuclear stage (reactor,
engine, propellant tank, and payload configuration) through the use of the DOT code and
the WANL developed MAP 1l code (9). The tasks involved in adapting the WANL version of
the DOT program system to the MSFC UNIVAC 1108 computer would include the adaptation
of the present versions of the WANL NAGS code, DAFT code, (10)0nd POINT processing
codes to the WANL DOT input-output formats and an updated set of users' manuals for these

codes.

8Synthesis of Calculational Methods for the Design and Analysis of Radiation Shields for
Nuclear Rocket Systems, WANL=-PR(LL)-010, Volume 6, June 1967.

9Unpublished

1()Synthesis of Calculational Methods for the Design and Analysis of Radiation Shields for
Nuclear Rocket Systems WANL=PR(LL)-010, Volume 8, June 1967.
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2) Incorporate the WANL developed MAP |l code into the MSFC code package.
The MAP Il code, which has been formulated, coded, and applied at WANL, is a technique
to reconstruct the angular and energy dependence of the neutron and photon flux as a function
of position external to the nuclear subsystem using the reactor surface angular fluxes from
the two-dimensional transport c.::ode, DOT, as input data. These reconstructed angular fluxes
are used automatically as fixed boundary source input to additional DOT two-dimensional
transport problems, thus extending the geometrical capability of the DOT program with a
minimum amount of computer expenditure. In addition, use of the MAP Il code alleviates
problems associated with transporting radiation through voids external to the nuclear subsystem,
The MAP |l code would be made operational on the MSFC UNIVAC 1108 system, and a
manual describing the code would be supplied.

3) Analyze the current MSFC tank experiment with the DOT-MAP Il tech-
nique using the latest developed cross sections. This suggested analysis would n;o‘f be a re-
peat of the analysis presented in this report, but would be an extension of this analysis which
would provide the consistent application of radiation transport techniques from the nuclear
reactor (PAX~E5)through the propellant tank filled with polyethylene. The results obtained
to date and presented in this volume indicate the good agreement achieved with the
techniques as they have been applied. However, in the area of definition of the radiation
environment about a ground test reactor, the capability of calculating the neutron activation
of the test cell does not exist in the KAP-V or FASTER codes. The DOT-MAP 11 technique
provides a means to obtain fast and thermal neutron spectra data as a function of position
external to the reactor for use in activation. It is recognized, however, that this technique
does not provide for a complete analysis of the scattered radiation in the test cell environ-
ment.

4) Update the MSFC microscopic neutron library to include
additional elements that will be present in nuclear rocket engines and propellant tanks,

and include the current improved NERV A cross-section libraries.
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During the analysis of NERVA-type reactors, a considerable effort has been
expended in the development of cross=section libraries adequate for the nuclear, radiation,
and shieldin_ =ffort; on these reactor designs. This cross-section data is in a continual
state of evaluation in the NERVA program, and it is recommended that the current neutron
cross-section data be updated according to the latest data for the original 14 elements
provided to MSFC, and an additional six elements, A complete cross~section library would
be provided for manganese, gadolinium and tantalum, as well as the cross sections for three
additional elements to be defined by the contractor. The complete updating of the cross-
section library, and the inclusion of additional elements, will provide an extended capability
for the analysis of nuclear rocket engines using the present MSFC techniques. Included in
the generation of these cross sections is the provision for supplying higher order scattering
approximation for gamma ray cross~section data up to a P3 scatter transfer approximation
and the inclusion of up to a P“l scatter transfer approximation for the neutron data.

5) Modify the NAGS code fo include a punched card routine which pro-
vides for KAP-V and FASTER source data in punched card form for direct use in these two
codes. This addition eliminates the large amount of data preparation required to use
NAGS sources. A simple modification the KAP-V program is needed in order to use the large
data arrays generated by NAGS, The KAP-V program has the capability of using source
distribution data with a large number of values to interpolate to a source distribution adequate
for this analysis. The entry of these data for source interpolation is limited to 21 in the current
MSFC code package. A value of 51 was needed to handle the detailed geometrical descrip-
tion used ir the analysis of Configuration 7D of this experiment analysis.

6) Modify the FASTER code to allow the eniry of the starting random
number and the available data storage locations in the FASTER code. This modification
would allow the use of the FASTER code on the UNIVAC 1108 computer in a more
efficient manner.

7) Incorporate the one~dimensional discrete ordinate transport code,

AN ISN(1 R , a5 the one~dimensional discrete ordinate transport technique in the MSFC code

Ny .w, Engle, Jr., "A User's Manual for ANISN - A One=-Dimensional Discrete Ordinate
Transport Code with Anisotropic Scattering”" K=1693, March 1967.
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package. (The ANISN program and DOT program are similar in nature.) ANISN would
replace the TAPAT code system. Some programming effort is required on the ANISN
code to duplicate the TAPAT capability in its entirety. The capability of the one~
dimensional discrete ordinate transport technique would be greatly increased because
ANISN is coded in FORTRAN {V with complete variable dimensioning for data storage.

8) Provide a set of 25 group neutron cross sections for the FASTER Monte
Carlo code which are consistent with those used in the discrete ordinate transport codes.
It is recommended that a fine group cross section set be applied in the high energy range;
i.e., E>0.1 Mev. This cross~section library would include nct only the transport corrected
cross sections similar to the ones that are used in the discrete ordinate transport codes, but
also the scatter cross sections in up to a P3 approximation.

9) Extend the capability of the KAP-V code in the areas of:
a) a more sophisticated application of neutron moments data, and b) the inclusion of
multiple-layer gamma ray buildup approximations.

The modification to the KAP=-V program to improve its neutron calculation
would be in the area of applying the neutron moments data polynomial coefficients in a
fashion such that the penetration through carbon, polyethylene, hydrogen, or other materials
of dissimilar neutron transport characteristics could be handled simultaneously in the KAP-V

program. This "multiple” moments calculation would increase the capability of

the KAP-V code for analyzing nuciear rocket=-propellant tonk geometries. Modifications to
the KAP-V to include multiple-layer gamma ray buildup approximation would allow for
analysis of thick shield geometries without relying on the intuition of the user in selecting a
single representative set of buildup factor data.

10) Develop a flexible activation code, based on the WANL ACT ||
code (Revised) to handle reactor test power profiles, gamma and beta activity, and dose
rate levels at any time during or following nuclear rocket tests. This code would facilitate

test stand and vehicle activation analysis.

-
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SECTION 3. METHODS OF ANALYSIS
3.1 INTRODUCTION

In the previous work scope of this contract, a series of computer codes, which
are described in detail in Volumes 1 through 9 of WANL=PR-(LL.)-010 were provided as a com~-
plete package to analyze the radiation environment around the NERVA nuclear stage. These
procedures, or codes, included the radiation transport methods of discrete ordinates transport
in one and two-dimensions, a point kernel attenuation code, and a Monte-Carlo code,
as well as data processing techniques required to prepare input for the various codes. The
analytical procedures were selected primarily on the basis of their flexibility and utility in the
analysis of nuclear rocket radiation environments. For this experimental analysis, the POINT
code was used for the preparation of cross=section data for input into the two-dimensional DOT,
Discrete Ordinates Transport,code (the DOT program was selected with the concurrence of
Mr. H. Stem, the contract monitor, to replace ODD-K as the two=dimensional discrete
ordinates transnort method), the NAGS code was used to perform the necessary data processing
tasks employing as input the DOT neutron flux data and the POINT code cross-section data,
and the KAP-V and FASTER codes were used to calculate radiation environment using the
NAGS source distribution data,

This section describes the techniques used in each phase of the experiment
analysis of the PAX~E5 assembly as well as the use of the DOT code as it was applied, the
application of the NAGS source distribution data into KAP-V and FASTER, and the other
data used in KAP=-V and FASTER. Included in the description of the analytical procedures is a
brief description of the differences between the currently used POINT, NAGS, KAP-V and
FASTER codes and the code package supplied to MSFC, The current versions of tiese codes
were used because the modifications made to the codes facilitated description of the detailed
experimental model in the codes. Since it was felt that these techniques should be applied
to the best of their capability in order to analyze properly the experiment in as fine a detail
as possible under the current work scope, the improved or changed versions of the codes were
used in deference to the original versions. The primary changes made to these ccdes have

been in the nature of data processing improvements, such that the linkage between codes
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was an improved automated procedure over the original MSFC code package. These changes
reflect the types of improvements one must go through as a computer code package is expanded

and modified,

3.2 DESCRIPTION AND USE OF THE TWO-DIMENSIONAL DISCRETE ORDINATE
TRANSPORT METHOD (POINT, DOT, NAGS)

In the time span since the original contract and during the analysis of the current

tank experiment, considerable advances have been made in the discrete ordinate transport
techniques available for use in the analysis of NERVA-type reactors. Many of these advances
have been incorporated in the two-dimensional transport code, DOT. This code which was
obtained from the Oak Ridge National Laboratory in early 1967, has been appropriately
modified and placed on an operational status in the current version of the code at WANL,
This code has the capability of completely replacing the ODD-K code in the MSFC code
package and in the best interest of keeping the MSFC code package current with generally
accepted techniques, the analysis of the tank experiment radiation source, that is, the PAX
assembly, was carried out using the DOT code and the data processing links, POINT and
NAGS as provided under the original MSFC contract work. Hence, the objective of the
MSFC tank experiment analysis was to provide a real application of the POINT-DOT-NAGS
computer codes to a criticai experiment reactor, and using the photon source and neutron
source data generated using the DOT-NAGS linkage, calculate the radiation environment in
a simulated propellant tank using the FASTER and KAP-V Codes.

The approach to the analysis of the MSFC tank experiment is diagrammed in
Figure 3-1. This flow chart illustrates the linkage of the computer codes used to analyze the
different reactor-tank simuiations. This analysis procedure, which involves the use of the
POINT data processiny code, the DOT two~-dimensional discrete ordinate transport code and

the NAGS data processing code, provided detailed source data for the KAP=V point kernel

and FASTER Monte Carlo attenuation codes. This procedure was used as an automated technique

to the extent that magnetic data tapes and punched data cards prepared by the individual

codes passed the appropriate information to succeeding phases of analysis as indicated in the
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Figure 3-1. Flow Diagram for Two-Dimensional Transport Analyses of MSFC Experiments
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flow diagram. This flow diagram is similar to Figure 4-7 of Reference 1 with the exception
of the use of DOT and its extended capabilities. The use of each individual code is described

in following sections.
POINT Code

The POINT code as described in Volume 2 of Reference 1 was used to provide
macroscopic heutron transport cross sections, and microscopic neutron reaction data for use in
the DOT and NAGS codes. As shown in Figure 3-1, the geometrical descriptions and element
atom densities deried from the geometrical models in the classified Appendix A to Volume 2
were used in the POINT Program. The resulting punched neutron transport cross sections and
neutron reaction data libraries were used as input data to the DOT and NAGS codes
respectively. Three additional elements were included in the POINT library for this analysis.

A complete listing of the revised library is given in Appendix A.
DOT Code

The DOT code was used to calculate multigroup neutron flux distributions in the
two experimental configurations. As shown in Appendix A, configuration 7D was split info
two DOT problems; 7D~1 which contained the reactor assembly geometry and shield slab
mockups up to and including one shield module; and 7D-2 which represented all six shield
medules, the plena, and pressure vessel mockups. As shown in Figure 3-1, the first DOT
problem, 7D~1, was run as an 52-P° eigenvalue calculation containing 2574 mesh cells. The
converged fluxes from this calculation were then input by magnetic tape into the next DOT
problem, 7D-1, which was an Sé-Po eigenvalue calculation. As shown in Figure 3-1, the
converged fluxes from this problem were used for three purposes: 1) as input fluxes for the
NAGS problem, 7D-1, 2)as a flux guess for the DOT problem 4B, and 3) as a beundary

source for DOT problem, 7D-2, Problem 4B was an S -Po eigenvalue caleulation as well,

6
containing 2457 mesh cells and was quite similar to 7D=1 except that no shield modules were
present and the plena and pressure vessel mockup slabs were included next to the core support
plate mockup slabs. Converged fluxes from problem 4B were then input into the NAGS

problem for configuration 4B via magnetic tape. By using the automated boundary source
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option in the DOT program, the boundary angular fiuxes from DOT problem 7D-1 at an
intemal mesh interval were used as the boundary source for problem 7D-2, This source was
obtained as an energy function of space, angle, and radial mesh interval at the fifty=first
axial mesh interval in the DOT problem 7D~1, This problem was a fixed boundary source type
calculaticn in DOT and requires only one outer iteration where flux convergence is achieved
on inner iterations. A total of 4,017 mesh cells and 30 space angles (56) were used in
problem 7D~2. The eigenvalue for the PAX-E5 critical assembly using the MSFC library cross
sections was calculated to be 1,002 for both configurations 4B and 7D using an overall eigen-
value convergence criteria of 0. 001 and a maximum pointwise flux convergence criteria of
0.005 in all three DOT problems. The converged flux tape from problem 7D-2 was inverted
with respect to axial interval (the geometry for 7D-2 is inverted in the Z direction with
respect to 7D-1 because DOT requires a boundary source from the top boundary of the system)
using a small utility program, and then input into the NAGS problem for configuration 7D-2,
With such a complex system as existed in configuration 7D, the original discrete
transport code, ODD-K, could not adequately represent the system in sufficient detail to
yield meaningful results.  As availabic in the WANL version of DOT, an automated boundary
source option allows for as many as three or four coupled DOT problems if desired to analyze
configurations such as 7D introducing less than a few percent error at the boundaries. The
WANL version of the DOT code is directly compatible with the WANL NAGS code by
employing tapes as connecting data set links, The WANL version of DOT has the capability
of generating a flux tape for NAGS (neutron or photon) as well as the provision for reading
the fixed distributed source tape generated by NAGS directly. For equivalent inpuléldc;ta sets,
2

DOT calculates the same results as ODD-K within the convergence criteria chosen.

NAGS Program

The NAGS code described in Volume 7 of Reference 1 was used in this analysis

to provide neutron and photon source distributions for direct input into the KAP-V point

(12) WANL-TME=-1680, "Status Report on the Conversion (for ¢ CDC Computer) of the Two
Dimensional Transport Program DOT", September 1967.
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kernel code and the FASTER Monte Carlo code. As shown in Figure 3-1, all three DOT
problem converged flux tapes for configurations 7D~1, 7D-2, and 4B were input io NAGS in
units of neutrons/ cm2-sec-source neufron. In the NAGS code, the fluxes were normalized to
units of (nheutrons/! cm2-sec-waﬂ) using the conversion factors as shown in the listings of the
NAGS problems given in Apperidix A. Photon sources, obtained from NAGS as printed and
punched data cards, for KAP-V and FASTER were obtained in units of (Mev/cms-sec-wclﬂ').
The axial dimensions used in the NAGS problems were shifted by a constant in NAGS so that
the punched source distribution coordinates would correspond exactly with the KAP~V and
FASTER geometrical models. This automated punch routine in NAGS allowed for the consisteni
use of source data in KAP-V and FASTER.

3.3 DESCRIPTION AND USE OF THE MONTE CARLO METHOD (FASTER)

The FASTER code which is described in Volume 8 of WANL-PR{LL)-

0]4(]3) was used for the prediction of neutron and gamma radiation levels in the simulated
propellant tank. The code used was essentially the MSFC code package with two minor
modifications made at WANL to facilitate running problems with different initial random
numbers and to allow for the iarge problems encountered in analysis of Configuration 7D. Wiih
these exceptions the use of FASTER for the analysis was as described in the user's manual for
the FASTER code.

The present WANL version of FASTER is coded such that at the completion of any
single run, the number of random numbers used in the calculation of all detectors in the
problem is printed out as final data. This total number of random numbers can then be used as
an input quantity to subsequent FASTER runs so that randomness of the numbers used in the
FASTER problems can be preserved in sequential FASTER problems. In addition to the capability
of inputting the sequence number of the starting random number, the WANL version of FASTER
has been altered such that the number of data locations to be used for all data is an input

quantity on the first data card. This is an extremely useful option for computer facilities where

d3) Computer Code Symposium, Synthesis of Calculational Methods for the Design and Analysis
of Radiation Shields for Nuclear Rocket Systems, WANL-PR(LL)-014, Volumes 1-9,
December 1967.
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extended core capabilities are available. At WANL, there exist two sizes of CDC 6600
computers and the input of this computer does not require a recompilation of the FASTER
code.

With the exception of source terms, geometrical descriptions, material descrip-
tive data and response functions, the FASTER input data used for the analysis of the tank
experiments are the same as presented in WANL-PR(ALL)-010, Volume 9. These data include
the neutron and gamma ray cross sections, biasing parameters, and code options to be used in
the execution of the FASTER problems. In the review of these data in the current MSFC
FASTER problem deck, two errors were noted and have been corrected for the present analysis.
These errors were: 1) the nonelastic cross sections for group 7 through 9 for uranium 235 were
not in the correct sequence, and 2) the Po within group scatter cross sections for titanium
were missing. These data have been corrected and the listing of the data for the FASTER

problems reflect these changes. This listing appears in the Appendix to this volume.

Geometry Description

The analysis using the FASTER code consisted of three individual problems as

follows:

Problem 1: The neutron problem using volume distributed neutron sources from
the DOT-NAGS codes to calculate the neutron radiation environ-
ment in the propellant tank for configuration 4B, as shown in
Figure A=9 of Appendix A. |

5 i B Problem 2: The gamma ray problem using the volume distributed photon sources

from the DOT-NAGS codes to calculate gamma environment
in the propellant tank for configuration 7D as shown in Figure A-8
of Appendix A.

Problem 3: The gamma ray problem using the volume distributed photon sources
from DOT-NAGS codes to calculate gamma environment in the
propellant tank for Configuration 4B as shown in Figure A-9 of
Appendix A,
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The geometry model for these three FASTER problems are shown in Figures A-8
and A-9 in the classified appendix to this volume. The regions described in the reactor are
shown in the figures and the composition of each zone is shown in Table A-17. The geomsairy
is identical with the one used for the KAP~V point kernel analysis with the exception that
external zones 44, 45, 46, and 47 in Figure A-8, and external zones 42, 43, 44, and 45 in
Figure A=9 are needed in the KAF problems. The FASTER code does not require the
definition of any external zone for this analysis.

To simplify the setup of a problem as complex as Configuration 7D, or
Configuration 4B, one must recognize the various limits which are imposed on the FASTER
source input data description and set the geometry model based on these data. In the running
of the neutron transport problem in the DOT two-dimensional transport code, the definition
of explicit zones for: 1) the highly absorbing boron regions, 2) the highly neutron attenuat-
ing polyethylene regions, and 3) the metallic slab regions in the flight shield mockup create
a large number of zones to be used in the source description. In FASTER a source zone in a
geometrical region must completely cover that region or the FASTER code will extrapolate
source data to the region bounds. If a source zone is a small region within a physical region
then the user of FASTER (to properly use DOT-NAGS source data) must define a new physical
region which is no larger than the source region. Since the DOT program was run with 63
source regions, the FASTER input data and geometry description included all zones in the DOT
problems. The FASTER geometry which is shown in Figures A-8 and A=9 of the Appendix

reflects only the compositional model of the geometry. Internal to regions 30, 31, and 32,

a series of subregions were provided with identical composition, but with boundaries correspond-

ing to DOT problem source descriptions, This FASTER model allowed direct use of source data
from the WANL NAGS code and resulted in a total of 81 surfaces and 83 regions to
describe the geometry for the DOT-NAGS sources.

Material Description

The technique used in the FASTER model description was to homogenize the
flight shield mockup into a single composition comprised of titanium, aluminum, inconel,

polyethylene, and boral. This composition was then assumed to be in each subregion of the
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physical shield region. These subregions had dimensions identical to the DOT-NAGS source
regions.

The total number of elements used to mockup the MSFC tank experiment in
FASTER was 14 since various similar minor constituents were combined as described in
Appendix A to reduce the total number of elements. The total number of compositions in the
FASTER problems was 33 which included all compositions which were encountered in either the
4B or 7D geometry, and in addition, a 0.07 grcxm/cm3 dense hydrogen composition was defined
in one region of the gamma ray FASTER problem in order to obtain heating rate response in

liquid hydrogen.

Source Description

The source data input to the FASTER problems consisted of the upper and lower
energies (in Mev) for each of 15 neutron energy groups and 23 gamma groups as shown in
Tables 3~1 and 3-2. The neutron energy breakpoints are consistent with GAM-H* cross section
library data included in the MSFC FASTER code package.

Since the FASTER program employs interpolation techniques to handle source
energy data in group structures other than shown in Tables 3-1 and 3-2, the entry of DOT-
NAGS data in the 13 group scheme shown in Table 3-3 is possible. The technique used in
specifying neutron source data in FASTER was to use the GAM |l fission neutron spectrum as
shown in Table 3-4. Hence, the technique of using the neutron source for each of nine core
regions as neutron/cmB—sec—waﬂ for each region was possible. Neutron source distribution
data from NAGS in the form of radial and axial distributions for each region were also used.
This source description is totally consistent with the KAP-V analysis.

The technique for the entry of gamma ray data for each source region in Configura-
tions 7D and 4B was handled in a similar manner except that the total gamma source in each
region in units of Mev/cm3-sec and the spectrum for each source region was specified. Source

distribution was the gamma ray data from NAGS. Source data were uniform in azimuth and

* This cross section data was obtained from Mr. G. Lahti, Lewis Research Laboratory,
Cleveland,
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TABLE 3-2 ‘
GROUP STRUCTURE FOR FASTER GAMMA RAY CROSS SECTION DATA .
Group Upper Limit (Mev) Lower Limit (Mev) : :"
1 10.0 9.0 "
2 9.0 8.0
3 8.0 7.0
4 7.0 6.0 »
5 6.0 5.0 ¥
6 5.0 4.0
7 4,0 3.0 . /
8 3.0 2.5 ‘
9 2.5 2.0
10 2.0 1.75
" 1.75 1.5
12 1.5 1.25
13 1.25 1.0 :
14 1.0 0.8 -
15 0.8 0.6
16 0.6 0.4
17 0.4 0.3
18 0.3 0.2
19 0.2 0.1
20 0.1 0.08
21 0. 08 0. 06
22 0.06 0.04
23 0. 04 0.03
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TABLE 3-3

FASTER GAMMA RAY SOURCE ENERGY GROUP STRUCTURE

Group_

—

O 00 N O O AN

— el el b
wWw NN - O

Upper Energy (Mev)

Lower Energy (Mev)

10.0
7.5
7.0
6.0
5.0
4.0
3.0
2.6
2.2
1.8
1.35
0.9
0.4

3-12

7.5
7.0
6.0
5.0
4.0
3.0
2.6
2.2
1.8
1.35
0.9
0.4
0.0
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TABLE 3-4

FASTER FISSION NEUTRON SPECTRUM

g, Neutron Group
No.

-—

NV 00O N OO b WwN

S S —
H W NN = O

Xy (Neutrons/Fission Neutron)

3-13

1.0407 (-3)
7.2417 (-3)
1. 4934 (-2)
1.0825 (-2)
1.1814 (-1)
9.2319 (-2)
3.1165 (-1)
1.0024 (-1)
7.6058 (-2)
6. 9540 (-2)
3. 4031 (-2)
3. 4042 (-2)
1.7143 (-2)
1.5365 (~2)
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directional emission for all FASTER calculatizns. The source data for FASTER is presented in the

data listing in Appendix A,

Response and Detector Coordinate Description

The final set of FASTER data used is the response data and detector coordinutes.
Response data for neutrons and gammas are presented in Tables 3=5 and 3-6 for the neutron
and gamma problems. These responses were internally calculated by FASTER for heating
response and the dose rate response were entered as shown in the tables. Detector point

locations are described in detail in Section 4.
3.4 DESCRIPTION AND USE OF THE POINT KERNEL METHOD (KAP-V)

The KAP-V code, which is described in detail in Volume 4 of WANL-PR{LL)-
010, was used in a similar fashion to the FASTER code to predict fast neutron and gamma
radiation levels in the propellant tank. Since the point kernel method uses a direct
analytical calculation of the radiation attenuation in a geometry model, the code, the
used to provide much greater detail (i.e., more detectors) than the FASTER Code, Applica-
tion of KAP-V to the analysis of the two experimental configurations, 7D and 4B, and the
MSFC tank experiments were identical and similar data options were used. The exceptions to
the MSFC code package were the direct use of source data from the NAGS
alteration of the geometry to the PAX reactor, and the inclusion of additional response wunc-

tions for comparison to the measured experiment values.

Geometry Description

The analysis using the KAP-V program consisted of two individual problems to
mockup the configuration 7D and configuration 4B, respectively. Since the capabilit; of the
KAP-V code includes both neutron and gamma ray solutions for essentially the same com-
puter time expenditure, the neutron and gamma ray problem for both configurations were run
in the problems. The two problems and their geometries are shown in Appendix A. The
regions described in the rcactor are as shown in the figures and the composition of the tables

are consistent with the FASTER analysis, The geometry model for use in the KAP-V is
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identical to the FASTER model with the exception that the external zones of the geometry are
necessarily described for the KAP-V program. Since the KAP-V calculation is initiated in o
source region and the ray fracing through the geometry is performed to the detector point,

the inclusion of extra subregions to describe the DOT-NAGS source description was not
necessary. The technique used in the KAP-V code was identical to the FASTER code except
that source regions need not be described in KAP-V but rather the source region calculation is
included in the physical region and the calculation proceeds from the source point to the

detector point.

Source Description

The preparation of source data for KAP-V is similar to that for the FASTER code
described earlier. In the neutron point kemel problem, the definition of the
source zones did not pose as m.. a problem as that of FASTER since the source regions could
simply be placed in a physical region without new boundaries. The same source region data
and source description as used in the FASTER program was employed in the KAP-V program
and a total of 63 source regions were used in the KAP-V 7D configuration analysis and the
total of 33 sources were employed in the KAP-V configuration 4B analysis. Since the neutron
and gamma ray calculations are carried out simultaneously in the KAP-V program, there were
a total of 9 neutron source regions used in the KAP-V problem in addition to the 63 and 33
gomma ray source data regions for configurations 7D and 4B, respectively. The source data
used in the KAP-V analysis were prepared automatically by the WANL NAGS code and these
punched data were then used directly in the KAP-V problem deck.

The WANL version of KAP-V was changed to provide the capability of using the
NAGS generated data directly. As described in Section 3.2, the NAGS code was altered to
provide as punched output complete source description data for both the KAP-V and FASTER
code. This source data, because of the complexity and size of the reactor model, required
an extension of certain input data arrays in ihe KAP-V code in order to allow direct NAGS

input. The source distribution data for the interpolated data, which is krown as the data

3-17
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quantity FSIT, was altered in the program such that 51 values of source distribution date could
be entered by the user. This change allowed direct use of NAGS data in KAP-V and provided
a very consistent application of the KAP-V and FASTER codes using NAGS generated data.

Since a detailed description of the data in KAP-V and the use of KAP-V sample
problem was included in Reference 2 the details of the input will not be covered in this report
except to discuss the actual input data prepared for these analysis. A portion of the KAP-V
input data is summarized in Tables 3-7 through 3~12,

Gamma Ray Library Data

The gamma ray cross section library data are shown in Table 3-7. The option
used in KAP-V allowed the progrem to calculate total gamma ray mass absorption
coefficients for the 14 elements in the gamma ray library as shown in Table 3-7 at the average
energy shown in Table 3~7. These data are consistent with the FASTER model and the energy
grouping is consistent with the NAGS energy group structure.

Neutron Input Data

The neufron cress section data for both the neutron moments data calculation
and the Albert-Welton calculation in KAP-V is shown in Table 3-8. These data are identical
to those presented in the MSFC Code package and additional elements were added for this
onalysis. The energy breakpoints and polynomial coefficient dafa for use in the neutfron fen
energy point moments data calculation are shown in Tables 3-9 and 3-10, respectively. These
data indicate the energy at which the number flux from the neutron moments datc calculation
was obtained. Associated with each of these energy points is an energy band width to be used
in the integration of this differential neutron spectra to obtain either total number flux or
energy response. Since the carbon moments data is an empirical fit over the depth penetration
ranges of 0 to 60 grams per square centimeter of equivalent carbon depth penetration and 60
to 120 grams per square centimeter depth penetration, the inclusion of extrapolation parameters

far beyond 120 gm per square centimeter as a function of each group are provided in the KAP-V
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INPUT DATA FOR GAMMA RAY LIBRARY

Material
No.

0V O N O O A W

10
n
12
13
14

*Numbers in parenthesis refer

to powers of 10.

W

Gamma Ray
Group No.

O © N 00 v AW -

- b
N = O

13

Element

Name

3-19

H

C
U-235
U-238
Nb

Cr
Fe
Ni
Ti

Cu

&

i

Average
Energy (Mev)
8.50 (0)*
7.25 (0)
6.50 (0)
5.50 (0)
4,50 (0)
3.50 (0)
2.80 (0)
2.50 (0)
2,00 (0)
1.50 (0)
1.00 (0)

7.00 (1)
3. %0 (-1)

vy
"
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TABLE 3-8

NEUTRON CROSS SECTIONS AND DATA FOR THE ALBERT-WELTON KERNEL FOR KAP-V

Material No. Name Z* A-W ) ER*
1 H 0 8.688 6.0 (-1)
3 2 C 4,07 (-2)** 0,0 4,07 (-2)
3 U-235 9.1 (-3} 0.0 9.1 (-3)
4 U-238 9.1 (-3) 0.0 9.1 (-3)
5 Nb 1.6 (-2) 0.0 1.6 (-2)
6 Ni 1.9 (-2) 0.0 1.9 (-2)
7 Cr 2.17 (-2) 0.0 2.17 (-2)
‘ 8 Fe 2.1 (-2) 0.0 2.10 (-2)
9 Ti 2.2 (-2) 0.0 2.2 (-2)
10 Cu 1.8 (-2) 0.0 1.80 (-2)
) " Al 2.9 (-2) 0.0 2.9 (-2)
12 Mo 1.56 (-2) 0.0 1.56 (-2)
: 13 Be 7.2 (-2) 0.0 7.2 (-2)
14 B 5.8 (-2) 0.0 5.8 (-2)
Y' Albert=-Welton Constants Value
‘ o 1.6 (-4)
) a, 2.9 (1)
oy 7.78 (-1)
oy 5.8 (-1)
as 3.5 (-5)
o 1.0 (1)
ay 9.58 (-2)
AWSOUR (Cependent upon source region in
. core)
:“" * cm2/gram

** Number in parenthesis refers to powers of ten,
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TABLE 3-9

MONOVARIANT NEUTRON MOMENTS DATA ENERGY POINTS

Group E, Energy AE
No. (Mev) (Mev)
1 18.0 4.0
2 14,0 4.0
3 10,0 3.0
4 8.0 2.0
5 6.0 2.0
6 4,0 1.5
7 3.0 1.0
8 2.0 1.0
9 1.0 0,85

10 0.33 0. 565
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Neutron
Group No.

—

O 00 N O WwN

—t
o

O 00 N OO AW

—
o

TABLE 3-10

MONOVARIANT NEUTRON MOMENTS DATA* FOR CARBON

A0

2. 243(~05)**
1. 820(-05)
1.179(-05)
9. 022(-06)
6. 743(-06)
3. 968(-06)
2, 099(-06)
1. 846(-06)
2, 640(-08)

-8, 848(-07)

~1.219(-10)
~3. 058(-10)
-3. 924(-10)

3.235(-10)
1. 089(-10)
1.933(-11)
3.182(-11)

-1, 294(-10)
-5.541(-11)
-1.056(-10)

Coefficients for W <60 gm/cm2

Al A2 A3
-2.696(-03) 1.061(-01) -1.695(0)
-2.171(-03) 8. 425(-02) -1.325(0)
-1.416(-03) 5.577(-02) -9.057(-01)
S1.0B1(=03)  4.746(-02)  ~6.969(-01)
-8.052(-04)  3.131(-02)  -5.105(-01)
_4,599(-04)  1.702(:02)  ~2.814(-01)
-2.419(-04) 8.718(-03) -1.564(-01)
-1. 990(-04) 5.997(-03) -8.101(-02)
-3.806(-06)  -6.236(-04) 2. 448(-02)

1.108(-04)  -5.279(-03) 9.816(~02)

Coefficients for 60 <W <120 gm/cm2

5.019(-08) 8. 487(-05) -8.316(-02)
4,123(-07) ~1.594(-04) -1.947(-02)
5.064(-07) ~1.949(-04) -1.367(-02)
-3.118(-07) 9. 487 (-05) -4, 654(-02)
-1.175(-07) 4.661(-05) -4, 435(-02)
-1, 262(-08) 1. 497(-05) -4, 587(-02)
~2. 660(-08) 2.772(-05) ~5.176(-02)
1.456(-07)  -2.848(-05) -4,789(-02)
1.161(-07)  -3.996(-05) -4,513(-02)
1.804(-07) -6.526(-05) ~4,296(-02)

A4

-4,573(0)
~3. 443(0)
-2.353(0)
-1.833(0)
~-1,333(0)
-8.700(-01)
-6.567(~01)
-4,767(-01)
-3.533(-01)
-3.733(~01)

~1.089(1)
-1.100(1)
-7.624(0)
-4, 848(0)
-3.236(0)
-1.673(0)
~6.649(-01)
1. 692(-01)
1. 195(0)
1.756(0)

* Reference: NARF-61-39T, "Shield Penetration Programs C-17 and L-63", D. M.

Peterson, General Dynamics, Fort Worth, December 1961

** Numbers in parenthesis refer to powers of 10,
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TABLE 3-11

} '~ EXTRAPOLATION PARAMETERS FOR CARBON MONOVARIANT DATA
- Neutron
K Group No. A
1 0. 0273
2 0. 0245
3 0, 0270
4 0. 0282
5 0. 0305
6 0.0322
7 0. 0332
8 0. 0332
* 9 0. 0332
10 0. 0332

Y
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code. These data are shown in Table 3-11. These data were obtained from the slope of

the carbon moments data for each group.

ResEnse Data

The final set of data which was provided to the KAP-V code was the response
data as shown in Table 3-12. These data are for the thirteen gamma ray groups and 10 neutron
energy points used in KAP=V. All neutron response data includes the energy band width in
order to provide the proper response data.

In the review of the data provided in the MSFC code package in relation to the
current experiment analysis, one error was noted in the response functions and this error has
been corrected in the present analysis. The error which was in the previous code package
data was in the neutron response function data. In the KAP-V code the differential neutron
spectra calculational methods to provide differential number spectra of neutrons, requires the
entry of response functions which include the energy band width of each particular energy
group in the differential spectrum in order to provide total number of particles. The error in
the previous data occurred when the response data was not multiplied by AE. The correction
has been made in the present KAP-V analysis and the response functions are presented
in Table 3-12,

In summary, the KAP-V calculations were carried out for the complete detector
location map as shown in Section 4. A total of 25 detectors were calculated for configuration
4B and because of the computer time involved in running configuration 7D calculations, a
total of 16 detectors were run as shown in Table 4-1. These data provided a fairly complete
map of the calculated data within the tank and provided sufficient detail to plot radial traverses.

A complete listing of the KAP-V problems 4B and 7D is included in the Appendix
and the reader is referred to these listings for the entry of geometrical description data in
KAP-V,
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4, RESULTS OF ANALYSIS

Selected calculated neutron and gamma radiation levels in the propellant
tank hydrogen simulation are presented in this section in tabular form to illustrate these
data in some detail. A portion of these data and additional data are presented graphically
in Sections 5 and 6. Figure 4-1 shows a detector coordinate grid superimposed upon the
propellant tank. This grid defines the locations of the detector points used in the KAP-V
and FASTER analyses. The scale on the left hand side of Figure 4-1 gives dimensions

: (in centimeters) from the bottom of the tank hemisphere. The scale on the right hand side
of the figure shows distances in centimeters from the dome {.7 i~ ; end of the PAX-ES core.
The detector horizontal traverses were selected to coincide with the positions of the tra-
versing tubes located in the MSFC tank.

‘ Tuble 4-1 indicates which of the detectors were used in the various KAP-V

and FASTER calculations. The KAP-V calculations for Configuration 48 were mede at all

25 detector points. However, for Configuration 7D calculations, only 16 of the detectors

* . were used because of the limited amount of exverimental data available, Eight detector
* - locations were employed in the FASTER calculation of the aeutron radiation levels for
Configuration 4B. Five detecior locations were employed in the FASTER calculations of
f:: gamma ray levels for configuration 4B and 7D. Fewer detectors were used in the FASTER
j:r calculation than the point kernel calculation because of the greater cost of the Monte Carlo
‘: calculations.
4.1 FASTER ANALYSIS
The restii: of the FASTER calcuiations of the neutron radiation levels for
Configuration 4B are prezsnied in Table 4-2 for eight detector locations. The following
type of response data are presented: the first column presents the fast neutron flux for
neutrons with energies greater than 2,9 Mev; the second column presents fast neutron flux
;. greater than 1.5 Mev.  The third column presents the fast neution dose rate in tissue rads/
‘x L hour. The fourth column presents the associated relative statistical error. Fast neutron dose
%
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§ - TABLE 4-1
N DETECTOR LOCATIONS IN KAP-V AND FASTER PROBLEMS
FASTER
KAP-V 48 4B&7D
Number 7D 4B Neutron Gamma X(cm) Y(cm) Z(cm)
. 1 X X X X 0.0 0.0 417.9
2 X 20.0 0.0 419.2
; 3 X X 0.0 0.0 441.0
4 X X X X 11.75 0.0 441.0
£ X X 2.0 0.C 441.0
6 X X X 40.0 0.0 441.0
7 X X 61.0 0.0 441.0
8 X X X X 11.75 0.0 464.0
9 X 40.0 0.0 464.0
10 X 78.8 0.0 464.0
11 X X X X 11.75 0.0 487.3
12 X X 4.0 0.0 487.3
13 X X X 78.8 0.0 487.3
14 X X X X 1,75 0.0 57%0.0
15 X 40.0 0.0 520.0
16 X 78.8 0.0 520.0
17 X 0.0 0.0 464.0
18 X 2.0 0.0 464.0
19 X X 61.1 0.0 464.0
20 X X 0.0 0.0 487.3
21 X X 20.0 0.C 487.3
22 Y X 61.1 0.0 487.3
23 X 0.0 0.0 520.0
24 X 20.C 0.0 520.0
25 X 61.1 0.0 520.0
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rate in ethylene rads/hour is presented in Column 5 with the associated relative error
presented in Column 6. The seventh column presents fast neutron dose rate in units of
Rem/hour with ihe associated relative error presented in Column 8. Columns 9 and 10
present the heating rate in high density polyethylene and the associated relative error. The
final three columns present the detector coordinates in centimeters, For each detector,
intermediate results are presented after each 100 packets were processed in FASTER, A total
of 800 packets were run Tor the neutron problem. By tabulating the intermediute results fter
each 100 packets, it is possible to determine whether the answer has stabilized; and by
tabulating the relative error after each 100 packets, one can determine whether the error
is decreasing in a satisfactory manner; i.e., roughly proportional to the square root of the
number of packets run. The relative errors of the tissue rads dose rate is of the order of 10
to 30 percent for all detectors with the exception of Detector 11. The results reported for
Detector 11 indicate the need for close inspection of FASTER results and sufficient number
of packets to provide convergence. For example, the tissue dose rate appears to have
stabilized at a value of approximately 7 x 10-6 with a relative error of 21 pecent after only
400 packets. However, between the 400 and 500 packets, a "blow up" occurred. After the
5u0th packet, the answer has increased by a factor of 2.5 and the relative error increased by
a factor of three. Subsequently the "answer" and relative error decreased in magnitude.
Thus it appears that the "answer" has not stabilized and that even after 800 packets the
relative error is still unreasonably large.

In the case of the FASTER neutron results for Detector 11, an additional
FASTER problem was run. Since the 800 packet results suggest that the poor statistics and
the unstabilized responses for Detector No. 11 can be associated with the location of that
particular detector point, this FASTER neutron problem was rerun for a total of 1500 packets
with the position of Detector No. 11 moved 2 c¢m in the + X direction (redesignated as
Detector 11A). The calculated neutron response (tissue rads) for this additional FASTER run is
presented in Table 4-3. The result of ihis additional neutron calculation is about 45 percent
less at 800 packets and 60 percent less at 1500 nackets than the corresponding data at 801,
packets presented in Table 4-2. The new tissue dose rate at 1500 packets agrees with the

measured data to within 10 percent. The relative ervor associated with the tissue dose at
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ADDITIONAL FASTER CALCULATIONS OF THE FAST NEUTRON DOSE RATE, DETECTOR NO 114,
CONFIGURATION 4B, HIGH DENSITY POLYETHYLENE

No. of Packets

50
100
150
200
250
300
350
400
450
500
550
600
650
7N

750

800

850

900

950
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
156u

Detector No 11A Coordinates

X =
Y =
Z=

13.75
0.0
487.3

TAB LE 4"3

Rads (Tissue) / Hr - wati

6.63 (-6)
6.05 (-6)
4.92 (~6)
7.30 (-6)
1.25 (-5)
1.17 (~5)
.11 (-5
1.09 (-5)
1,02 (-5)
1.03 (-5)
9.82 (-6)
1.03 {(-5)
9.80 (-4)
9.36 (-6)
9.17 (-6}
8.95(-6)
8.74 (-6)
9.04 (-6)
9.25 (-6)
8.93 (-6)
8.77 (-6)
8.69 (-6)
8.66 (-6)
8.46 (-6)
8.50 (-¢)
8.39 (-6)
3.21 (-6)
8.13 (-6)
7.95 (-6}
7.76 (-6)

Relative Error

3.08 (-1)
2.68 (-1)
2.17 (=)
3.78 (1)
5,07 (-1)
4,62 (-1)
4.26 (-1)
3.96 (-1)
3.74(-1)
3.64 (-))
3.51 (1)
3.34(-1)
3.22 (-1)
3.12(-1)
2.99 (-1
2.95 (-1)
2.82 (-1)
2.68 (-1)
2.53 (-1)
2.48 (-1)
2.39 (-1)
2.31(-1)
2.24 (=1)
2,16 (-1)
2.10 (-1}
2.04 (~1)
2,00 (-1)
1.94 (-1
191 (-1)
1.89 (-1)

ORI S VN N N It B e

Roiiient Hﬂ PR
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800 packets is 30 percent. This comparison indicates that the technique of moving the
detector by a small amount resulted in a more rapid stabilization of the "answer ."
Following the 250 packet intermediate result, the relative error decreases continuously from
a value of 51 percent after 250 packets to a value of 19 percent after 1500 packets.

Table 4-4 presents the FASTER code calculations of the gamma ray dose rates
and gamma heating rates in the high density polyethylene for Configuration 4B, The format
of Table 4~4 is similar to that employed in the previous table. Four types of photon res-
ponses are presented: (1) gamma ray dose rate in carbon rads/hour, (2) gamma ray dose
rate in tissue rads/hour, (3) heating rate in BTU/cubic inch=second in liquid hydrogen, (4)
heating rates in BTU/cubic inch-second in polyethylene having the density equal to that in
the experiment. Included in Table 4-4 are the associated relative errors which apply to the
dose rate and heating rate responses. The gomma ray response data are also presented after
each 100 packets. A total of 1000 packets was run in the gamma problem for Configuration
4B, The relative error is 12 to 18 percent for each defector with the exception of Detector
No. 11. The behavior of the intermediate dose rates (tissue rads) for Detector 11 provides
another example of the need for closely examining intermediate re. ults. The intermediate
results after 100, 200, and 300 packets appear to be converged and to have a relatively low
(24 percent) statistical uncertainty. However, after 400 packets, there is an increase in
the answer with accompanying reduction in the statistical accuracy. The answer decreases
slowly with an accompanying decrease in the magnitude of the relative error after 700 pack-
ets have been run. There is then another increase in the magnitude of the dose rate response
after 800 packets and again the statistical accuracy has decreased. [t appears from the last
three intermediate responses that the FASTER result has not stabilized.

The results of the FASTER gamma calculations for Configuration 7D with low
density hydrogen simulation in the MSFC tank are presented in Table 4-5. The format and
the response data are identical to that in Table 4-2, In general, the relative statistical
errors associated with the response data for Configuration 7D are larger than were observed
for Configuration 4B. For 7D the relative errors vary between 25 and 36 percent. These

larger errors are attributed to the greater mass of material between the reactor and the
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TABLE 4-4
FASTER GAMMA RESULTS AS A FUNCTION OF PACKET AND RESPONSE
FUNCTION FOR CONFIGURATION 48

¥ . ~ ~
= N z . I . g
§ ) 3 P SO
2 Kl 3 3 3
N & 3 & 5’ & ; & Detector Coordinates
Detector | 1 2 3 4 5 s 7 8 X A z
100 e g-2) 3as (-0 20 (~2) 304 (-1) 655 (-1 307 (40 328 {-3)aas (<) oo 0.0 w17 )
200 103 (-2) 224 (1) e (-2) 224 (-1) 653 {-w)2.26 [ 326 (-13) 225 (-1)
300 995 (-3) 183 (1) 104 (-2) 184 (-1) 572 (10185 (-1) 286 (-13)18a (-1)
400 107 (-2) 15 (-1} w2 (-2) 159, (-V) 608 (-14)160 (-0 309 (-13) 159 (-%)
500 990 (-3) 142 (=) 103 (-2) 142 (-1) 569 ()14 (-) 284 (-13)142 (-1)
600 108 (-2) 163 (-1) 14 (-2) 1k (-1) 627 (-14)186 (-1} 332, (-13) 163 (-1)
700 105 (-2) 147 (<) wn f=2) 148 (-1) 810 (-14)150 (-1) 304 (-13) 147 (A1)
800 100 (-2) 138 (1) 107 (-2) w37 (-1) 587 (-4) 39 (-1 292 (-13) 137 (1)
900 973 (-3) 128 (-1) 102 (-2) 129 {-1) 560 (-t4)}13 (1) 279 (-w)rze (-1}
1000 948 (-3) 120 (1) 996 (-3) 120 (%1) 54 (-4)L22 (=) 27 (-2)r20 (-1)
Datactor 4 !
100 770 (-3) 460 (-1) 823 (-3) 461 (-1) 448 (-14)a68 (-} 220 (-13)461 (1) 17 (s1). 00 wa ()
200 633 (-3) 118 (-1} 627 (-3) 3.9 (-1) 266 (-14)3.23 (v1) 182 (-13)3q8 (-1)
300 762 (-3) 261 (-1} 835 (-=3)° 271 (-1) 440 (-14)2.63 (-1) 249 (-13)241 (-1)
400 754 (-3) 220 (-1) 849 (-3} 229 (-1} 435 (-14)2.22 (-1) 216 (-13)220 (-1)
500 685 (-3) 200 (-1) 741 (-3) 208 (-1) 395 (-14)2.02 {-1) 198 (-13)2.00 (-1}
600 695 (-3) 206 (-1) 756 (-3) 2.4 (-1) 402 (-14)2.08 (-1) 200 (-13)2.06 (-1}
700 655 (-3) 193 (-1) 730 (-3) 200 (-1) 37 (-14)196 (1) 188 (-1)194 (-1)
800 644 (-3) 183 (1) 697 (-3) 190 (-1) 372 (-14)185 (-1) i85S (-13)1.83 (1)
900 626 (-3) 171 (-1) 677 (-3) 178 (-1) I.61 (-14)L74 (-1) 180 (-13)L72 (-V)
1000 640 (-3) 159 (-1) 694 (-3) 166 (-1) 368 (-M)161 (-1) L83 (-13) 160 (1)
Datector 8
100 363 () 428 (1) 4o (-3) 435 (-1) 2.07 (-14)a3e (-1) 104 (-12) 429 (-1y w7 (+)) 00 464 (42).
200 461 (-3) 348 (1) 506 (-3) 352 (-1) 266 (-W)3ss (-1) 32 (-13)348 (-1)
300 420 (-3) aas (1) 489 (-3) 353 (-1) 236 (-14)3.07 (-1) 120 (-13)3.3 (1)
400 hoa (-3} 261 (-1) 459 (-3) 292 (-1) 2.2¢ {-14)258 (-1) 113 (-13)2.59 (-1}
500 458 (-3) 262 (-1) 535 (-3) 281 (-1) 259 (-14)2.60 {-1) 130 (-13)281 (-1)
600 AN (-4) 239 (-1) 463 (-3) 256 (-1) 2.34 (-14)238 (-1) 117 (-13)238 (-V)
700 393 (-3) 220 (-1) 441 (=3) 238 (-1) 224 (-M)2l9 (1) 12 (~13)209 (1)
800 376 (-3) 204 (-1) 420 (-3) 22t (-1) 2.4 (-14)203 (-1) 107 (-13)2.04 (-ty
900 354 (-3) 194 (-1) 394 (-3) 210 (-1) 200 (-14)93 (1) ror (-13)193 (1)
1000 358 (-3) 181 (1) 397 (-3) 196 (-1) 204 (-14 )80 (-1) 102 '(-13)1.80 (-1}
Jotectcr 11
100 7 180 (-3) 322 {-1) 192 (-3) 323 (1) ro0 (-14)a27 (-n sa7 {2)aza (41) w1z () oo 487 (+2)
200 197 (-3) 238 (-1) 201 (-3) 239 (-1} w11 (-14)243 (-1} 565 (-14)239 (1)
300 195 (-3) 240 (-1) 208 (-3) 241 (1) 110 (-18)247 (-1) 558 (-14y2ar (-1)-
400 280 {-3) 436 (-1) 303 (-3) 442 (-1) 161 (-14)ad8 (-1} 807 {-14)a39 (-1}
500 270 (-3) 398 (-1) 299 (-3) 433 (-1) v54 (-14)a07 (1) 777 (-18)a0c (-1)
600 250 (-3) 364 (1) 277 (3) 378 (1) L& (-14)373 (1) 722 (-14)3.66 (1)
700 235 (-3) 339 (-1) 258 (-3) 353 (-1) 1.3 (-14)348 (-1) 674 (-14)3.41 (1)
800 375 (-3) 531 (-1) 408 (-3) 535 (<)) 219 (-14)545 (1) .07 (-13)533 (-1)
900 352 (-3) 505 (-1) 383 {-3) 51 (1) 205 (-14)520 (-1) 100 (-13)5.09 -(-1)
1000 327 (-3) 486 (-1) 336 (-3) 450 (1) 1.0 [-14)5.00 (1) 941 (-14)488 (=)
Detector 14
100 537 (-4) 348 (-1} 597 (-4) 379 (1) 299 (-15)148 (1) s (4alaer () 107 (+1) o0 520 (+2)
200 675 (-4) 3.07 (-1} 733 (-4) 321 (-1} a0 f-15}302 (1) 193 (-14)308 (-1}
300 607 (-4) 249 (-1} 635 (-4) 260 {-1) 2.0 (-15)253 .(-1) 73 (-14)250 ()
400 638 (-4) 266 (-1) 68 (-4) 271 ‘(1) 355 (-15)2.69 (-1) 182 (-1a)2.67 (-1)
500 656 (-4) 224 (-1) 699 (-4) 228 (1) 267 ¢-15)2.2¢ () 187 {-14)2.25 (1)
600 661 (-4) 194 (-1) 705 (-4) 197 (1) 369 (-15)r9s (;1)} 189 (-14)19a (1)
700 660 (-4) 177 (-1} 703 (-4} v (1) 350 (-15)179 (1) e (a) L7z (1)
800 689 (-4) 181 (-1) 739 (-4) 18 (-1} 38 (-u)r84 (-1) 197 (-14)182 (-1)
900 713 (-4) L7 (-1) 765 (-4) 183 (1) s02 (-'s)uer {-1) 204 (4)um (41)
1000 723 (-4) 168 (-1} 274 (-4) 172 (1) 407 (-1-)17¢ (-1) 207 (-14)1r48 (-1}

NOTE: RADIATION LEVELS ARE PRESENTED PER WATT OF REACTOR POWER |
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1 i s § [ i 3
3 3 3 3 3 .
’ & s a s K] Detecior Coardinetes
' ? 3 4 s 3 7 8 Y
B8) -0 MM (-0 SR (-4 a8 (1 49 (15t 89 (- 5.8 1w e82 () 0.0 0.0 417 (D
687 -4 480 -V W (-4 a8 (v 327 (-1s) B2 (-0 45 (i 482 (-0}
LIS e 508 1} 120 (-3) 598 &0 681 ()5 524 (- 78 (15 59 (-0
107 =3 463 (=P 112 (<3 463 ()0 608 (-15) 489 (- 233 {-15) 465 (-1
IR .3 458 (-)) LM -3 450 :- 1 48S (l 15} 4.65 t- U X" }- !s! 459 (-)
A3 = A G e e Al (1) 858 (1St als (- 27 (1% 402 (-0
R R A R
. -4 A - £ - . -1 . -15) 3. - & -15) . -1
898 &' 1S53 (-0 940 (-4 353 (-1 517 (-15) 358 (- 609 {-t5 353 (-
BA3 (-4} 331 (-1 90 (-4 33 (-1 498 LI1S) AW (1 588 15 332 -1
497 & 596 (=B 521 (-4 595 (<) 281 (1) 600 (-B 38 18 597 (- 2 (0o 441 ()
657 (-4 625 :-l; 62 (-4 628 (-H 382 (‘:15) 6.3 -\ 446 18 s24 (-1
889 (-4 5468 (-0 9. (-4 547 (-) 513 15) 577 (-1 606 (=18 549 (-1
937 (-4 483 {-1) 943 {-n 464 H; 542 {15) 4% (- 629 (-\:3 464 -0
892 (4 410 (-1 920 (-4 4N (=) 582 {150 A1 (-0 608 15 4N (-1
7295 (-4 384 (-1 8 (-4} 385 (B 45 15 39 (-1 542 E15)  3BS (-
;g :—u g;: { :) 7.66 4-4\) 3.;7 : ' )) w24 : 150 364 (-1 504 ‘«-vs/ 3.;8 {- 1;
-4y 3, b 725 (=4 334 (=1 400 (-15) 34t (N 47 -39 335 (-
9 7 An (-v 708 (-4 3n (v 39 st 37 (<) a73 (-1 3N (e))
200 4 302 (-0 738 -4 304 N 406 (150 308 (1) AR W1 303 (-
325 -4 534 (-1 342 (-4 539 (- 1ET i) 545 (b 22 15 537 ) 7 (n 00 464 (-2)
310 ((-4) 393 (W 323 (- 19 E Bobie 15 400 (- 2.M :—us) 395 Y
306 (-0 298 (-0 318 (-8 162 () 14 1§ 304 (=n 200 (-} 300 &V
276" (- 277 (+v 287 (-8 28 {0 157 {15 284 (-1} 188 l-l?) 279 (-0
343 (4 274 (-1 355 (=& 2.5 (-1 195 (i1si 2.7 (=1 233 {15 275 )
459 (-4 366 (-1' 482 (-4 372 (-1 264 {15 376 (11 3I3 (15} 3468 ()
423 (-9 M (-h 44 (-4 349 (D 243 {15 353 (-0 2.8 1) 346 Y
420 (o 306 (-1 443 (-4 34 (=) 242 {-15) 307 r 287 Hi5) Aan (D
406 (-4 288 (-1} 426 (-4 292 (-1 233 19 295 (1 277 (g 289 )
397 F4) 270 1) 4ls & 27 L 228 (=15 277 (<) 270 =18 2.7 (=)
75 tem 91 1-D 185 (D ;;; :.:: ;?: '9:3 gg :-3 ;2 :—:;} ;g :::: 117 (0 00 487 (D
. 19 =) 920 (-4 7 - . - . ~ - % .
:':; :-:; pd) () 683 ¢4 64 (-1 3M (18 655 ) 4u (a9 ead (0
Ss3 (4 580 (N 582 ¢4 585 (-0 3.2 15 595 (-n 3.7 (3 582 (-»
492 4) 530 (-0 58 (9 53 (- ) 286 {19 544 (=) 33 19 53 (-0
B L4 292 () SH () 4% (-1} 282 (-15) 50 (0 33: 1y s L)
L 4 ) 48 L 48 () 238 (18 47 () 305 (14 4l L)
W0t 427 () 438 G 431 () 242 (19 4B (0 288 (19 428 L))
or Lo 397 [N 426 () 400 ) 2% =19 40 (-0 277 (15 39 (-0
‘:07 (~4) 64 1) 426 (-4 367 (=) 234 [SS 1 TR s N U3 ) B Mg =15 38 -9
3.07 &4 39 (-) 2P {l; g.:: 2-3 :;g {:g g.: {:: f.x :—:: :.:z :—:} L7 (o) 00 520 (2}
- X -1) 223 (-4 \ - E 3 3 - -
Py “)) 3 Lh 0 e a3 L) 135 L 338 (0 Ml LI 3X b
208 (n 28 ) 224 4 2% (-l’) 122 t'ﬂ\ 28 H; e ":’9’ g:: ‘(‘g
. 3 ) 2.86 (-4 258 (-} 1.58 18 X3 - K - X -
;g {_:: gg; :- '; 28 2_‘) 327 L) tas L1® 33 (0 L (g 33 En
280 14 306 (=1 290 -4 313 (- 160 1% 218 0 19 g A7)
200 W80 288 Ln 28s (-4 28 (-0 15 (18 28 -ty 188 {18 285 {-n
2o ba 274 LD 27y 0 27t () s (1) 27 (oo 178 (s 274 b0
284 -5 257 1 263 - 235 (D e (15 2% 0 LB s 287 60

4-9

p"

Fomw ol

N

i

2
i
a,
;2;
‘:‘ :
%';‘

O PR

e

[

o

UL R SRR PRI T L

N e g it



....

o N

2 L e .
R e e o
cfr R N L Wil el Y e e

P

Astronuclear
Laboratory

propellant tank and the larger number of source regions. A total of 1000 packets was run

to calculate the gamma radiation levels at 5 detector points in the low density polyethylene.
4.2 KAP-V ANALYSIS

The KAP=V neutron results for Configuration 4B are presented in Table 4-6
for each of the 25 detector locations defined in Figure 4-1. In addition to the detector
coordinates and the detector numbers, Table 4-6 presents the fast neutron flux greater than
the 1.5 and 2.9 Mev thresholds, the neutron heating rate in liquid hydrogen, the heating in
the high density polyethylene, and the fast neutron dose rates. Two neutron dose rates are
presented. The first is the dose rate in tissue rads calculated using the carbon infinite media
monovariant polynomial neutron moments data as presented in Section 3.3. The second
neutron dose rate was calculated by means of the modified Albert-Welton kernel. The
Albert-Welton dose rate has units of ethylene rads/hour-watt. The ethylene dose rate may
be converted to a tissue dose rate by multiplying by a factor of 0.7. Table 4-7 presents
gamma dose rates and heating rates for Configuration 4B. Data are presented for each of the
25 detector locations defined in Figure 4-1. The three types of response data presented are
(1) gomma ray heating rates in liquid hydrogen, (2) heating rates in the high density poly-
ethylene, (3) gamma rate dose rates in units of rads (carbon)/hour-watt.

The gamma ray dose rate data and heating rate data at 16 locations in the low

density polyethylene for shield Configuration 7D are presented in Table 4-8. Gamma radiation

levels are presented as heating rates in liquid hydrogen, heating rates in the low density
polyethylene, and gamma ray dose rates in carbon rads.

The gamma ray data previously presented for Configuration 4B and 7D are total
response data for all of the source regions included in the analytical models. Tubles 49 and
4-10 summarize the individual contributions to the gamma ray dose rate from each of the
important regions in the reactor and shield mockup regions for Configurations 4B and 7D,
respectively. Table 4-9 shows that at a point at the bottom of the propellant tank for
Configuration 4B, 69 percent of the dose rate comes from the core, 3 percent from the"extra

core” regions, and 27 percent of the dose rate from the mockup regions. "Extra core" refers
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TABLE 4-7

KAPV GAMMA RESULTS AS A FUNCTION OF RESPONSE FUNCTIONS
CONFIGURATION 48, HIGH DENSITY POLYETHYLENE

) Detector Coordinates (cm) Hydrogen laeoﬁng CH2 chrigg Gomma Dose Rate
- Detéctor No., X Y z Btu/Sec in” watt  Btu/Sec in” watt  Rads (C) /Hr Watt

i i 00 00 417.0 8.59 (~14) 4.28 (-13) 1,48 (=2)
2 200 00 4191 8.39 (~14) 418 (~13) 1,45 (-2)
2 3 00 00 4410 441 (=14 2.21 (-13) 7.66(-3)
oy 4 175 00 441.0 4,46 (~14) 2.23(-13) 7.74 (-3)
B 5 200 00 410 4.55 (~14) 228 (-13) 7.89 (-3)
& 6 00 00 410 5.05 (-14) 2.53(-13) 8.75 (-3)
? 7 611 00 441,0 6.81 (~14) 3.39 (-13) 1,18 (-2)
2 8 n7s 00 464.0 2.42 (=14) 1,23 (-13) 4,27 (-3)
» 9 00 00 4640 2.70 (-14) 1,36 1-13) 4.2 1-3)
10 788 00 4640 5.72 (-14) 2,85 (-13) 9.88 (-3)

n N5 00 487.3 1,36 (~14) 6.90 (-14) 2.40 (-3)

12 00 00 487.3 1,48 (-14) 7.48 (~14) 2.60 (-3)

13 788 00 87.3 2,36 (-14) 119 (=13) 2,12 (-3)

14 nss 00 520,0 6.27 (-15) 3.20 (-14) 1,10 (-3)

15 00 00 520,0 6.67 (~15) 3.48 (-14) 1,18 (=3)

16 788 00 520.0 9.14 (-15) 4,64 (-14) 161 (=3)

17 00 00 464.0 2,42 (-14) 1,22 (-13) 4.24 (=3)

18 2006 0.0 464.0 2.48 (-14) 1,25 (-13) 4.30 (=3)

19 610 00 44.0 3.31 (-14) 1,66 (~13) 5.77 (+3)

20 0.0 0.0 487.3 1.35 (-14) 6.85 (=14) 2.38 (-3)

21 200 00 487.3 1,38 (-14) 6.99 (~14) 2.43 (-3)

22 610 00 487.3 1,73 (-14) 8.75 (~14) 3.04 (~3)

23 00 00 5200 6.24 (-15) 3.18 (= 14) 101 (=3)

2 200 00 520.0 6.34 (-15) 3.23(-14) 113 (-3)

25 6.0 00 520.0 7.48 (-15) 3.80 (- 14) 132 (-3)
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TABLE 4-9

GAMMA DOSE RATE CONTRIBUTIONS BY SOURCE REGION AT THE BOTTOM
OF THE TANK* - CONFIGURATI™N 48, HIGH DENSITY POLYETHYLENE

i i B artrord Lons Lo libar k= b e e

e

&
2 RSN

Region No. Nome Rads (C) / Hr = Watt

19 Core 9.85 (-3)
4 ~ Filler Strip 7.29 (=5
15 Lateral Support 7.51 (=5)
16 Be Liner 5.23 (-5)
17 Be Reflector 5.08 (-4)
18 Pressure Vessel (1) 2.17 (-5)
26 Fressure Vessel (2) 412 (-7)

27 Pressure Vessel Dome 4,28 (-11)
19 Clus.ar Plate 2.33 (-7
20 Support Piate 2.5% (=7
21 Plenum 1.11 (-8)
22 Al Shield 2.76 (-8)
25 Shaft Shield 5.97 (-8)
24 Dome End Be Reflector 6,21 (=7
13 Nozzle End Be Reflector 1.80 (-4)
12 Nozzle End Lateral Support 5.14 (=8)
10 Support Blocks 1.58 (-4)
TOTA L EXTKA TORE 4.29 (-4)
29 Cluster Plate Mockup 2.04 (-4)
30 Support Plate Mockup (1) 8.14 (~4)
3 Support Plate Mockup (2) 7.61 (-5)
32 Plena iviockup (1) 2,49 (=3)
33 Plena Mockup (2) 8.50 (-5)
34 Poison Plate 2,26 (-4)
35 Pressure Vessel Mockup 1.28 (-5)
~ TOTAL MOCKUP REGIONS 3.90 (-3)
TCTAL PAX-ES AND MOCKUP REGIONS 1.48 (-2)

*Detector No, 1, (X =0.0, Y =0.0, Z = 417.0 cm)
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to those regions outside of the active core but wit: | the PAX~E5 reactor, not including

the mockup regions located above the reactor. Table 4-10 indicates that at the same detec-
tor point, but for the highly shielded configuration (Configuration 7D), the importance of
the core has decreased to 62 percent; the importance of the "extra core" coutributions

has increased from 3 to 12 percent and the mockup regions contribute approximately the

same amount; i.e., 26 percent.

4-15
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GAMMA DOSE RATE CONTRIBUTIONS BY SOURCE REGION AT THE BOTTOM

TABLE 4-10

OF THE TANK* - CONFIGURATION 7D, LOW DENSITY POLYETHYLENE

30
3
32
33
34
35

37

Nome

Core
Filler Strips
Lateral Support
Be Liner
Be Reflector
Pressure Vessel (1)
Pressure Vessel (2)
Pressure Vessel Dome
Cluster Plate
Support Plate
Plenum
Al Shield
Shaft Shield
Dome End Be Reflector
Nozzle End Be Reflector
Nozzle End Lateral Support
Support Blocks
TOTAL EXTRA CORE
Cluster Plote Mockup
Support Plote Mockup (1)
Support Plote Mockup (2)
Flight Shield Mockup (1)
Flight Shield Mockup (2)
Plena Mockup (1)
Plena Mockup {2)
Poison Plate
Pressure Vessel Mockup
TOTAL MOCKUP REGIONS
TOTAL PAX-E5 AND MOCKUP REGIONS

4-16

Rads (C)/Hr - Watt

7.33
1.08

LI

7.84
6.89
2.67
5.90
6.20
3.31
3.3
1.66
3.90
8.56
8.84
2,17
7.2
1.97
1.44
3.75
7.33
5.8)
2.04
1.94
4.00
1.96
5.44
1.74
3.12
1.9

(-4)
(=5
(-5
(=6)
(-5),
(-6) .,
(-8)
(-12)
(-8)
(-8
(-9
(-9
-9
(-8)
(-5)
-7
{~5)
(-4
{(-6)
(-5)
(-6)
(-4)
{-5)
(-6)
(=7
(=7
=7
(-4)
(-3)
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SECTION 5. COMPARISOId OF EXPERIMENTAL AND CALCULATED NEUTRON RADIATION

DISTRIBUTIONS IN THE TANK AND HIGH DENSITY HYDROGEN SIMULATION
(CONFIGURATION 48)

Comparisons of experimental and calculated neutron radiation levels in the
propellant tank and high density hydrogen simulction are presented in this section. These
comparisons are made in varying detail in order to illustrate the validity of the computer
techniques in predicting the radiation environment. The majority of the experimental
neutron data were obtained for configuration 4B. Some measurements were made with configura=
tion 11 to provide data for subtraction of the test cell background. A detailed discussion of
the effect of test cell background is included in Volume | and shall not be repeated in this
section,

A number of comparisons based on data from the FASTER Monte Carlo Code
and the KAP-V Point Kernel Code are made in this section. The source clata used in the
FASTER and KAP-V codes were provided by the DOT-NAGS linked code package.

The application of the FASTER, KAP-V, and DOT-NAGS codes to the experimental
mockups has been covered in earlier sections and will not be covered in detail here. In
this section, comparisons of neutron radiation levels in an essentially "unshielded" reactor
configuration are presented. The reactor configuration mockup and radiation sources used
in the MSFC tank experiment analysis are described in detail in the classified appendix.

The experimental neutron data presented in this sect’un includas sulfur foil
passive dosimeter data, Hurst dose rate dosimeter data,and U-278 ‘ission chamber data.

These data provide o comparison of computed flux greater than 2.9 Mev, fast neutron dose rate,
and flux greater than 1.5 Mev.

Comparisons of experimental and calculated fast neuiron radiation levels in the
high density hydrogen simulation for configuration 4B are presented in Figures 5-1 through
5-7. Three fast neutron radiation quantities are presented for comparison. Figures 5-1 and 5-2
present the fast neutron flux for neutron energies greater than approximately 2.9 Mev. The
next three illustrations present comparision of fast neutron flux jyreater than 1.5 Mev. Figure

5-6 and Figure 5-7 present fast neutron dose rates.
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5.1 FAST NEUTRON FLUX (E> 2.9 Mev)

Figure 5-1 is an axial traverse of fast neutron flux (E> 2.9 Mev) as a function
of penetration distance into the high density polyethylene. The experimental data, shown
as a series of points connected by a dashed line were obtained from Figure 6~7 of Volume 1.
The data in Figure 5-1 show that the KAP-V code results obtained from carbon moments are
about 30 percent higher than the experimental data at the bottom of the tank, and predict
too high a neutron flux throughout the polyethylene. In oddition, the KAP results in
Figure 5-1 underpredict the attenuation of the 2.9 Mev threstold flux in the high density
polyethylene. The differences between the KAP-V predictions and the experimental data
result, in parf, from the application of carbon infinite media moments data to calculate
the neutron flux.

FASTER Monte Carlo data are indicated on Figure 5-1 as a series of triangles

connected by a solid line. Crror bars are not included with the FASTER data because the

FASTER code does not calculate a relative error associated with the cumulative number flux.

At the bottom of the tank, the FASTER data is a factor of 2 lower than the experimental
data. However because the attenuation in the hydrogen simulation as predicted by the
FASTER code is less than that determined experimentally, FASTER agrees with the
experimental data at 47 centimeters penetration to within 40 vercent. The FASTER code
predicts a somewhat greater atter.uation through the hydrogen simulation than does the
KAP-V program using carbon moments data.

Figure 5-2 presents a comparison of e::perimental flux from Figure 6~8 of
Volume 1 and calculated fast neutron flux for energies greater than 2.9 Mev as a function
of radial position on the tank hemispherical surface.

The experimental data are not corrected for background. However, the
magnitude of background correction at these locations is estimated to be of the order of 30
percent as may be seen in Figure 5-1 at a point on the bottom of the tank.

The important thing to note in this figure is that the shape of the predicted

distribution and the experimental distribution are in good agreement.
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5.2 FAST NEUTRON FLUX (E> 1.5 MEV)

Figure 5-3 presents a comparison of experimental and calculated fast neutron
flux for energies greater than 1.5 Mev as a function of axial position in the tank. The
experimental data, presented as a series of points connected by a dashed line, were obtained
from Figure 6-10 of Volume 1. In this case, background was not removed. However, at two
points (0 and 20 centimeters) experimental data with background subtracted are shown as
X's. There is a definite anomalous behavior in the experimental data which may possibly
be attributed fo photo fissions in the U-238 detector. The KAP-V data, based on the carbon
moments data, tend to overpredict the experimental data. At the bottom of the tank, the
KAP-V result is about 50 percent higher thar the corrected experimental data point. The
agreement between KAP-V experimental data at 70 centimeters is fortuitous because the
experimental data are questionable in this area. FASTER data are presented in Figure 5-3
without error bars because the FASTER code does not compute relative errors for the cumula-
tive number flux.

At the bottom of the tank the FASTER result is 30 percent lower than the
corrected experimental point. FASTER appears to predict a greater attenuation than is
determined experimentally; however, the slope of the FASTER curve appears to be reasonable,
where the experimental data is good (< 30 cm) and at large penetration depths the FASTER
data are consistent.

A comparison of the experimental and calculated fast neutron flux for energies
greater than 1.5 Mev is presented versus radial position in the tank in Figures 5-4 and 5-5.
The experimental data in these figures was obtained from Figure 6=6 of Volume 1. The radial
distributions predicted by the KAP code (Figure 5-4) are in reasonable agreement as to shape
with the experimental distributions. The apparent agreement in magnitude between the KAP-
V and experimer.tal distributior at Z = 487.3 centimeters is probably fortuitous as is suggest~
ed by the axial disiribution presented in Figure 5~3. The calculated and experimental
distributions tend to deviate ot large negative distances i.e., towards the direction of the test
cell wall. The differences in shape in these areas is attributable in part to the test cell

background and to the manner in which the shield mockup regions were described in the
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KAP-V code.  The actual shield mockup slabs had a square cross section whereas in
KAP-V these regions were approximated by cylinders having areas equal to the areas of
the square assemblies.

Figure 5-5 presents a similar comparison between the FASTER data and the
experimental data presented in the previous illustration.

The two FASTER points located at each elevation appeared to agree with the
experimentally determined spatial distributions as to shape. However, there is a significant
difference between FASTER and the experiment as to absolute magnitude. However, the fault
appears to lie with the experimental data as stated in the discussion of the axial traverses

presented in Figure 5-3.
5.3 FAST INEUTRON DOSE RATE

Figure 5~-6 presents a comparison of the experimental and calculated fast
neutron dose rate on an axial distribution in the high density polyethylene. The experimental
data were obtained from Figure 6-5 of Volume 1. The agreement between the experimental,
FASTER,and KAP-V (Albert~Welton) dose rates is excellent. Note that ine Albert~Welton
dose rate was converted to units of rads tissue to permit a direct comparison with the
experimental data. The fast neutron dose rate obtnined from the carbon moments data appear
to be too high in magnitude and underpredicts the attenuation of neutron dose in the high
density polyethylene. This is to be expected since the carbon moments data do nc* adequately
represent the neutron slowing down in a hydrogenous media.

The agreement between the FASTER results and experimental data for the fast
neutron dose rate in the high density polyethylene is due to the large cont. 'bution of neutrons
with energy less than 1.5 Mev. Table 5-1 presents FASTER data at the buttom of the tank
where FASTER underpredicted the high energy neutron flux for energies greater than 2.9 Mev.
Most of the dose rate is due to neutrons with energies less than 1 Mev. At greater penetration
depths where FASTER and the experimental flux greater than 2.9 Mev agree more closely,

most of the dose : ate results from high energy neutrons.
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RATIO OF NEUTRON DOSE RATE FROM NEUTRONS OF ALL
ENERGIES TO THE DOSE RATE FROM NEUTRONS WITH ENERGIES GREATER
THAN 1.5 Mev--CONFIGURATION 4B, HIGH DENSITY POLYETHYLENE

Dose for Ratio: Total/
_Detector E> 1.5 Dose Total E> 1.5 Mev
4.73 (-3) 7.73 (=3) 1.63
4 3.24 (-4) 4.59 (-4) 1.41
3.19 (-5) 4.61 (-5) 1.44
" 9.50 (-6) 1.29 (-5) 1.36
14 6.02 (-6) 6.83 (~7) 1.13
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The difference noted between the fast neutron dose rates obtained using the
carbon moments methods and the experimental dose rates is primarily due to the presence of
hydrogen in the plena mockups and tank. Carbon moments data does not adequately represent the
slowing down of neutrons of 0.1 to 1.0 Mev energy in hydrogen. In computing the "effective-
ness" of the other materials in terms of the dose rate attenuation effectiveness of carbon,

a single "effectiveness" factor is used. Since energy dependent factors are not used, the
degraded spectrum existing following penetration of a hydrogenous region cannot be
constructed from the non-hydrogenous (carbon) moments data in the KAP-V code. Con-
sequently, the use of carton moments data will yield a spectrum characteristic of carbon,
regardless of the amount of hydrogenous material penetrated. Such a calculated spectrum
would, of course, have too many neutrons in the 0.1 to 1.0 Mev range and would result in
an overprediction of the dose rate.

In contrast, the Albert-Welton kernel was developed specifically to describe
fast neutron dose transmission in ¢ hydrogenous medium (water). The excellent agreement
netween the Albert-Welton method and the measurements is readily apparent in Figures 5-6
and 5-7.

The Albert-Welton dose rate is expected to give reasonable results in the
polyethylene because the Albert-Weiton dose rate utilizes a hydrogen kernel. However,
the excellent agreement between the Albert-Welton dose rate and experimental dose rate
at the bottom of the tank is not !uliy understood because at this point, little hydrogen
has been encountered by neutrons penetrating the mockup regions in configuration 4B,

Figure 5-7 presents the comparison of the experimental and calculated fast
neuiron dose rate as radial distributions at several elevations in the tank. The experimental
dato were obtained from Figure 6-5 of Volume 1. Near axis and off axis FASTER data
points are presented together with the Albert Welton dose rate calculated by KAP-V,

As in the case of the axial traverse,the agreement between experiment,
FASTER, and KAP-V (Albert Welton) data is exc :llent both in magnitude and shape on these

radial distributions.

5-12
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SECTION 6. COMPARISONS OF EXPERIMENTAL AND CALCULATED GAMMA RADIATION

DISTRIBUTIONS IN THE TANK AND HYDROGEN SIMULATION

(CONFIGURATIONS 4B and 7D)

Comparison of exper:mental and calculated gamma radiation levels in the
propel'ant tank and hydrogen simulction are presented in this section. Selected experimental
data obtained using calcium fluoride TLD's and a CO2 ion chamber are presented. Calculated
gamma radiation levels in the low density hydrogen simulation for shield configuration 7D and
the high density hydrogen simulation for shield configuration 4B are presented since the high
backgrouna :ncountered in the configuration 7D measurements resulted in a minimum of
reliable data in the low density polyethylene. The one set of gamma dose rates presented
for configuration 7D has a large experimental error associated with it. Consequently the
bulk of the comparisons are made with measurements obtained in the high density polyethylene

for configuration 4B,
6.1 CONFIGURATION 4B COMPARISONS

Figure 6-1 presents a comparison of experimental dose rate from Figure 6-23
of Volume 1 and calculated gamma ray dose rates in CuF2 rads vs penetration distance into
the high density polyethylene. The FASTER data and the KAP-V data appear to be in good
agreement beyond a 20 centimeter penetration into the polyethylene. At the bottom of the
tank the point kernel results are a factor 1.7 higher than the Monte Carlo data. Ths
experimental and calculated attenuation through the high density polyethylene appear to be
the same after a 20 centimeter penetration depth. The difference in magnitude in the
experimental and calculated curves is attributable in part to the secondary gamma production
in the polyethylene. The experimental data and FASTER data are in good agreement as to
shape and indicates that if secondary gammas in the tank were included the analytical
techniques provide good results. Figure 6~2 compares experimental and calculated gamma
ray dose rates on the same traverse in units of carbon rads. These experimental data were
obtained by cross plotting the data presented in Figure 6=25 of Volume 1. The point kernel

calculated slope is in good agreement with the measured carbon dose rate.

6-1
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Figure 6~3 presents comparisons of carbon rads on radial traverses at several
elevations in the high density hydrogen simulation. The experimental data were obtained
from Figure 6-25 of Volume 1. At the bottom of the tank, the FASTER data is a factor of
1.8 lower than the experimental data point. However, at other locations the agreement
between FASTER, KAP-V, and experimental data is reasonable considering the large error bars
associatec with the CO2 chamber experimental data.

Figure 6-4 compares experimental and calculated gamma dose rates on the
tank hemisphere for configuration 4B. Experimental data in Figure 6-4 were obtained by
using the Configuration 11 data presented in Figure 6-30 of Volume 1 to remove background
from the data presented in Figure 6-20 of Volume 1. The large error bar and scatter in the

experimental data prevents making a detailed comparison at these locations.
6.2 CONFIGURATION 7D COMPARISONS

Figure 6-5 compares the calculated and experimental gamma dose rates
measured in the low density polyethylene for configuration 7D. Experimental data were
obtained from Figure 6~34 of Volume 1. The KAP-V results are somewhat higher than the
FASTER results but both calculations are in general agreement with the experimental data.

The large uncertainties associated with the experimental data prevent specific quantitative

comparisons.
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SECTION 7. INDUCED ACTIVITY AND RADIATION LEVELS ARCUND GROUND TEST
STAGES FOLLOWING OPERATION

The intense neutron leakage from the reactor during simulated hot firing of a
nuclear rocket results in high levels of neutron induced activation of materials in the vicinity
of the reactor. This activation, in turn, may result in radiation levels around the ground
test stages which severely limit accessability to these areas following removal of the reactor
from the test cell.

A method for calculating the induced aclivity in the ground test stages is
demonstrated in this section. The basis for this method is the ACT 1], Revised Code
developed at WANL Input requirements include material composition description and few
group neutron fluxes. Output includes activation source terms in four gamma energy groups

for use in subsequent dose rate calculations.

7. DESCRIPTION OF THE MATERIAL ACTIVATION SOURCE STRENGTH

CODE, ACT-1l, REVISED

The ACT-11, Revised code calculates the source strengths of radioactive
materials produced by neutron irradiation. Neutron fluxes are input into the ACT codu
in four energy greups. The weight fractions of the material constituents (impurities), and
the density of the material are required additional basic data input.

ACT-Il, Revised, calculates four group gamma and five group beta source
strengths in units of Mev/sec per cubic centimeter of material. A brief description of the
equations solved is given below:

The activity of a nuclide being produced at a rate 29, decaying ..t u rafe
A {t) is where:

- =\
NAD) = T @ O-e o)™
MA (1) = source sirength disintegratio-s
cm -~ second .
Z =  macroscopic activation cross section cm
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_ -2
@ = neutron flux cm  sec

-1 8
!

t = irradiation time sec

>
1]
.

disintegration constant sec
t = decay time sec

In some instances the decay product may also be unstable and produce a second

—

generation of radioactivity. The activity of a daughter nuclide is:

A -)\ t - -\ to
A B(t) =—)\—2_—;\-— A(to) 2']‘ 20 (>\2(1-e ")
- 2 1

Aot =~Aot
-A(1-e 20)]e 2

where:

)\ZB(t) = source strength of daughter nuclide
)\l = disintegration constant for parent nuclide
)\2 = disintegration constant for daughter nuclide

The source strengths, A A or * B, are converted to units of Mev/sec - cm3

by the following expression:

P M
Sy (€)= Mlor AB) oy () ThRONS ) Mev
Cm - Séc

A more complete description of ACT-1l Revised can be found in WANL-TME-
598.

et brtel eomad wwd bid el bsiesd b

7.2 ACTIVATION OF PROPELLANT TANK

Input parameters for an ACT-1l Revised calcuiation of propellant tank acrivation

source are summarized in Table 7-1. The materiul composition of the aluminum alloy tank

onmad  brerend

hemisphere was obtained from the spectrographic analyses of the MSFC tank materials pre-
sented in Volume | of this report. Uncertainties in the ACT calculations often are traceable
tc the composition description because in many materials, the trace eiements or impurities
may be responsible for a large part of the activation. The abundance of these impurities is

often difficult to determine.
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Another problem area in activation calculations lies in the determination of the
neutron flux incident on and distributed within the material in question. In the present
instance, a typical leakage spectrum from a sixteen group discrete ordinates calculation was
normalized to the measured flux at the bottom of the MSFC tank.

The measured flux used in the normalization was the Dysprosium foil data at
the bottom of the tank hemisphere obtained for configuration 4B less the background measure-
ment obtained for configuration 11. The normalization factor developed for the thermal
neutron flux agreed to within 10 percent with the fast neutron (E> 2.9 Mev) normalization.

Activation source strengths for the aluminum alloy of the MSFC tank are pre-
sented in Table 7-2. These data are given as a function of time after reactor operation and
have as their basis a single period of reactor operation with 5.4 x 106 megawatt seconds of
integrated power.

The activation source strengths in Mev/sec per cm3 of the material are presented
in two ways. First, the activity in Mev/sec attributable to each material constituent per
cm3 of material indicates the importance of the various impurities. Second, the activity
in Mev/sec per cm3 of material in each of four gaomma energy groups is a convenient form
for detailed dose rate and shielding calculations.

At one day after shutdown the activity results largely from the decay of shiort
half life aluminum. At shutdown time greater than one month the activity results almost
entirely from the decay of chromium, iron and zinc. It is important to note that the energy

spectrum also undergoes a change with shutdown time.

7.3 DOSE RATE FROM GROUND TEST STAGES FOLLOWING SHUTDOWN

The average activation source strength in Mev/sec for an cctivated component
may be treated as a point or distributed uniformly over a line or surface for use in calculation
of dose rates. Alternately, more refined dose rate calculations may be performed by assuming
a volume source distribution for use in a radiation transport computer code.

Figure 7-1 presents the dose rate after shutdown at a detector located within
a few inches of the bottom of the propellant tank. Only the tank wall aluminum alloy is

included in this dose rote. Also included in Figure 7-1 are activation dose rates measured in
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TABLE 7-1

SUMMARY OF INPUT DATA FOR ACTIVATION CALCULATION

Operating Period: 1 hour

Power Level: 1500 MW
Shutdown Times: 0, 0.5 day, 1day, 7 day, 30 day, ém, 1 year
Material: Aluminum alloy (skin of MSFC tank hemisphere)
Constituents: (From Spectrographic analysis)
Weight
Element Percent
Cr 0.2*
Cu 0.09
Fe 0.19
Mn 0.45
Ni 0.005
Zn 0.03
Mg 4.80
Si 0.17
Al(pbalance) 94.065

*Upper Limit Used

7-4
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TABLE 7-1 CONTINUED

Neutron Flux at Tank

Energy . n/ <:m2 sec
E> 0.821 Mev 3.77 (12)
0.821 Mev - 5 Kev 1.01 (13)
5 Kev - 0.625 ev 1.35 (13)
E< 0.625 ev 6.00 (12)
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Figure 7-1. Typical Dose Rates at Bottom of Propellant Tank Resulting From

Activation Sources in the Tank Wall
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the test cell at NRDS following the NRX-A3 reactor test(M). These measured dose rates
include contributions from the test cell pad and wall concrete, steel reinforcing rods, rails,
and numerous other components in the test cell area. In calculating the activation dose rate
for a realistic ground test cell configuration, it is important to analyze the many components
and test hardware which are present. The estimated dose rate decay curve for the tank pre-
sented in Figure 71 was obtained from an infinite plane source calculation and is intended

to serve as an example of the use of the activation source strength data.

MM.A. Capo, et al., "Radiation Analysis of the NRX~A4/EST Shield Configuration”
WANL-TME=-1238, September 1965





